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(OHFWUROHVV1L௅3௅$O2 FRPSRVLWH FRDWLQJV DUHSRSXODUGXHWRWKHLU H[FHOOHQW KDUGQHVVIULFWLRQ DQGZHDUUHVLVWDQFH7KHSUHVHQW
VWXG\ WULHV WR LQYHVWLJDWH WKH LQIOXHQFH RI FRDWLQJ SURFHVV SDUDPHWHUV RQ WKH VXUIDFH URXJKQHVV RI HOHFWUROHVV 1L௅3௅$O2
FRPSRVLWH FRDWLQJ ZLWK WKH KHOS RI 7DJXFKL DQDO\VLV 7KH GLIIHUHQW VXUIDFH URXJKQHVV SDUDPHWHUV FRQVLGHUHG DUH FHQWHU OLQH
DYHUDJHURXJKQHVV5DURRWPHDQVTXDUHURXJKQHVV5TVNHZQHVV5VNNXUWRVLV5NXDQGPHDQOLQHSHDNVSDFLQJ5VP7KUHH
SDUDPHWHUV QDPHO\ FRQFHQWUDWLRQ RI QLFNHO VXOSKDWH DV D QLFNHO VRXUFH FRQFHQWUDWLRQ RI VRGLXP K\SRSKRVSKLWH DV UHGXFLQJ
DJHQW DQG FRQFHQWUDWLRQ RI $O2 SDUWLFOHV DV FRQFHQWUDWLRQ RI VHFRQG SKDVH SDUWLFOHV DUH FRQVLGHUHG DQG ILWWHG LQWR DQ /
RUWKRJRQDO DUUD\ WR ILQG RXW WKH RSWLPL]HG FRQGLWLRQ WR PLQLPL]H WKH VXUIDFH URXJKQHVV RI WKH FRDWLQJ ,W LV REVHUYHG WKDW
FRQFHQWUDWLRQ RI $O2 SDUWLFOHV KDYH WKH PRVW VLJQLILFDQW LQIOXHQFH RQ 1L±3±$O2 FRPSRVLWH FRDWLQJ DQG FRQFHQWUDWLRQ RI
UHGXFLQJDJHQWKDVPRGHUDWHLQIOXHQFH 7KHFRPSRVLWLRQDOPLFURVWUXFWXUDODQGSKDVHVWUXFWXUHDQDO\VHVDUHFRQGXFWHGZLWKWKH
KHOSRIHQHUJ\GLVSHUVLYH;UD\DQDO\VLVVFDQQLQJHOHFWURQPLFURVFRSHDQG;UD\GLIIUDFWLRQDQDO\]HUUHVSHFWLYHO\




5HFHQWO\ HOHFWUROHVV FRDWLQJ KDV JDLQHG ZLGH SRSXODULW\ LQ DXWRPRELOH FKHPLFDO PHFKDQLFDO DQG DHURVSDFH
LQGXVWULHV GXH LWV DELOLW\ WR SURGXFH KDUG ZHDU IULFWLRQ DQG FRUURVLRQ UHVLVWDQW VXUIDFH %DODUDMX HW DO 
(OHFWUROHVVQLFNHOFRDWLQJ LVRQHVXFKFRDWLQJWHFKQLTXHWKDW KDVEHHQSRSXODUL]HGLQ ERWKVFLHQWLILFDQGLQGXVWULDO
&RUUHVSRQGLQJDXWKRU7HO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
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GRPDLQV LQ UHFHQW \HDUV  $JDUZDOD DQG $JDUZDOD  (OHFWUROHVV SODWLQJ LV DQ DXWRFDWDO\WLF SURFHVV ,Q WKLV
SURFHVV WKH UHGXFWLRQRI WKHPHWDOOLF LRQV DQG FRDWLQJGHSRVLWLRQ FDQEH FDUULHGRXW WKURXJK WKHR[LGDWLRQRI WKH
UHGXFLQJDJHQWZKLFKVXSSOLHVDQHOHFWULFFXUUHQW7KH VXEVWUDWHGHYHORSVDSRWHQWLDOZKHQLWLVGLSSHGLQHOHFWUROHVV
VROXWLRQ FDOOHG HOHFWUROHVV EDWK ZKLFK FRQWDLQV D VRXUFH RI PHWDOOLF LRQV UHGXFLQJ DJHQW FRPSOH[LQJ DJHQW
VWDELOL]HU DGGLWLYHV DQG ZHWWLQJ DJHQWV HWF 'XH WR WKH GHYHORSHG SRWHQWLDO ERWK SRVLWLYH DQG QHJDWLYH LRQV DUH
DWWUDFWHGWRZDUGVWKHVXEVWUDWHVXUIDFHDQGUHOHDVHWKHLUHQHUJ\WKURXJKFKDUJHWUDQVIHUSURFHVV 7KHSULPHIXQFWLRQ
RIHOHFWUROHVVQLFNHOSKRVSKRUXVFRDWLQJLVWKHXQLIRUPGHSRVLWLRQRIFRDWLQJRQPHWDOOLFIHUURXVDQGQRQIHUURXV
VXEVWUDWH (OHFWUROHVV FRDWLQJV FDQ EURDGO\ EH FODVVLILHG LQWR IRXU FDWHJRULHV YL] SXUH QLFNHO DQG EODFN QLFNHO
FRDWLQJ DOOR\ DQG SRO\DOOR\ FRDWLQJV FRPSRVLWH FRDWLQJV DQG HOHFWUROHVV QDQR FRDWLQJV 6XGDJDU HW DO 
(OHFWUROHVV SODWLQJ KDV KLJKO\ FRQVLVWHQW WKLFNQHVV DFURVV DOO VXUIDFHV LQFOXGLQJ HGJHV DQG FRPSOH[ LQWHULRU
JHRPHWU\
(OHFWUROHVVQLFNHOFRPSRVLWHFRDWLQJVDUHSURGXFHGE\FRGHSRVLWLRQRIILQH LQHUWVHFRQGSKDVHSDUWLFOHVLQWRD
PHWDO PDWUL[ IURP DQ HOHFWUROHVV EDWK 7KLV FRDWLQJ LV GHYHORSHG E\ WKH LPSDFW DQG GHSRVLWLRQ RI VHFRQG SKDVH
SDUWLFOHV RQ WKH VXUIDFH RI WKH VXEVWUDWH DQG VXEVHTXHQW VXUURXQGLQJ RI WKHVH SDUWLFOHV E\ 1L௅3 PDWUL[ DV LW LV
GHSRVLWHG 7RLPSURYH KDUGQHVVZHDUUHVLVWDQFHIULFWLRQUHVLVWDQFHFRUURVLRQUHVLVWDQFHDQGOXEULFLW\ RIWKH1L±3
GHSRVLWVVHFRQGSKDVHSDUWLFOHVKDYHEHHQLQWURGXFHGLQWRWKH1L±3PDWUL[7KHFRPSRVLWHFRDWLQJVFDQEH PDLQO\
FDWHJRUL]HG LQWR WZR JURXSV  FRDWLQJV LQFRUSRUDWLQJ VRIW SDUWLFOHV OLNH 37)(0R6 +%1 *UDSKLWH DQG 
FRDWLQJVFRQVLVWLQJRIKDUGSDUWLFOHVHJ6L&:&$O26L17L2=U2HWF 6KDUPD DQG6LQJK 7KH
H[FHOOHQW SURSHUWLHV RI HOHFWUROHVV QLFNHO FRPSRVLWH FRDWLQJV GHSHQG RQ VWDEOH GLVSHUVLRQ RI QDQR RU FRPSRVLWH
SDUWLFOHV RWKHUZLVH FRPSRVLWH FRDWLQJV ZRXOG KDYH QRQXQLIRUPO\ GLVWULEXWHG SDUWLFXODWHV DQG QXPHURXV GHIHFWV
RZLQJWRWKHVHJUHJDWLRQDQGDJJORPHUDWLRQRIWKHQDQRRUFRPSRVLWHSDUWLFOHVZLWKKLJK VXUIDFHHQHUJ\DQGDFWLYLW\
LQWKHHOHFWUROHVVSODWLQJEDWK6DKRRDQG'DV$QDSSURSULDWHKHDWWUHDWPHQWDW&IRUKRXUFDQ LQFUHDVH
KDUGQHVV DQG WULERORJLFDO SURSHUWLHV VXFK DV IULFWLRQDO DQG ZHDU UHVLVWDQFH RI FRPSRVLWH FRDWLQJV VLJQLILFDQWO\
$SDFKLWHL HWDO  9DULRXVKDUGSDUWLFOHVH[SODLQHGDERYHDUHFRPPRQO\XVHGDVUHLQIRUFHPHQWSKDVH$PRQJ
WKHVH KDUG SDUWLFOHV $O2 LV WKH PRVW LPSRUWDQW LQ HQJLQHHULQJ PDWHULDOV EHFDXVH RI LWV KLJK HODVWLF PRGXOXV
VWUHQJWK UHWHQWLRQ DW KLJK WHPSHUDWXUH DQG KLJK ZHDU UHVLVWDQFH $EGHO $DO HW DO  ,Q JHQHUDO WKH
LQFRUSRUDWLRQRIVHFRQGSKDVHSDUWLFOHVLQHOHFWUROHVV1L±3FRPSRVLWHFRDWLQJVGHSHQGVRQSDUWLFOHLPSLQJHPHQWRQ
WKH FRDWLQJ VXUIDFH DQG KROGLQJ WLPH RI WKH SDUWLFOH RQ WKH FRDWLQJ VXUIDFH %DODUDMX HW DO  $OLUH]DHL HW
DO KDYHUHSRUWHGWKDWGHSRVLWLRQUDWHFRGHSRVLWLRQSDUWLFOHSHUFHQWURXJKQHVVDQGKDUGQHVVRI1L±3±$O2
FRDWLQJV KDYH EHHQ LQIOXHQFHG E\ FRQFHQWUDWLRQ RI DOXPLQD LQ EDWK ZKHUHDV DYHUDJH URXJKQHVV DQG KDUGQHVV
LQFUHDVH ZLWKSDUWLFOHFRQWHQW




URXJKQHVV RI FRDWHG VDPSOHV $V D UHVXOW WKHUH LV QHHG IRU UHVHDUFK RQ PRGHOOLQJ VXUIDFH URXJKQHVV DQG
RSWLPL]DWLRQ RI WKH FRQWUROOLQJ SDUDPHWHUV WR REWDLQ VXUIDFH ILQLVK DW GHVLUHG OHYHO )URP WKH H[WHQVLYH OLWHUDWXUH
UHYLHZLWLVIRXQGWKDWQRUHVHDUFKLV DYDLODEOHRQRSWLPLVDWLRQRIWKHSURFHVVSDUDPHWHUVRI1L3FRPSRVLWHFRDWLQJV
7KH SUHVHQW VWXG\ GHDOVZLWK VXUIDFH URXJKQHVV RSWLPL]DWLRQ RI1L±3±$O2 FRPSRVLWH FRDWLQJV FRQVLGHULQJ ILYH
GLIIHUHQWURXJKQHVVSDUDPHWHUVYL] FHQWUH OLQHDYHUDJHURXJKQHVV5DURRWPHDQVTXDUHURXJKQHVV5TVNHZQHVV
5VNNXUWRVLV 5NX DQGPHDQ OLQHSHDNVSDFLQJ 5VP IRU WKH VXUIDFHRI1L௅3௅$O2 FRPSRVLWHFRDWLQJ7DJXFKL







WKH FRDWLQJ LV FKDUDFWHUL]HG ZLWK WKH KHOS RI 6(0 ('; DQG ;5' LQ RUGHU WR XQGHUVWDQG WKH PLFURVWUXFWXUH
FKDUDFWHULVWLFVRI 1L௅3௅$O2 FRPSRVLWHFRDWLQJV





PPîPPîPP LV XVHG DV VXEVWUDWHPDWHULDO IRU1L௅3௅$O2 FRPSRVLWH FRDWLQJV 6KDSLQJ  SDUWLQJ PLOOLQJ
SURFHVVHV  DUH  XVHG DFFRUGLQJO\  IRU  WKH  SUHSDUDWLRQ  RI  WKH  VDPSOH7KH VDPSOH LV WKHQ VXEMHFWHG WR VXUIDFH
JULQGLQJSURFHVV7KHVXEVWUDWH LVPHFKDQLFDOO\FOHDQHGIURPIRUHLJQPDWWHUVDQGFRUURVLRQSURGXFWV$IWHUWKDWWKH
PLOGVWHHOVXEVWUDWHLVFOHDQHG XVLQJGLVWLOOHGZDWHU 6HTXHQWLDOO\ DSLFNOLQJWUHDWPHQWLVJLYHQWRUHPRYHDQ\VXUIDFH
OD\HUIRUPHGOLNHUXVWIROORZHGE\ULQVLQJ ZLWK GLVWLOOHGZDWHUDQGPHWKDQROFOHDQLQJ 7KHVXEVWUDWH LV DFWLYDWHGE\
GLSSLQJ LQWR D ZDUP SDOODGLXP FKORULGH VROXWLRQ & 7KH DFWLYDWHG VXEVWUDWH LV WKHQ LPPHUVHG LQWR WKH






DQGRSHUDWLQJFRQGLWLRQVXVHGIRUWKHGHSRVLWLRQ RI HOHFWUROHVV1L±3±$O2 FRPSRVLWHFRDWLQJV LVVKRZQ LQ7DEOH
7RKDYHEHWWHUGLVSHUVLRQRIVHFRQGSKDVHDOXPLQDSDUWLFOHV DQGWRDYRLGDJJORPHUDWLRQRISDUWLFOHV VPDOO DPRXQW
RIVXUIDFWDQW 6'66RGLXP'RGHF\O 6XOSKDWH LVDGGHG WR WKHHOHFWUROHVVQLFNHOSRO\DOOR\EDWK$ERXWPORI
HOHFWUROHVV QLFNHO VROXWLRQ FRQWDLQLQJ UHTXLUHG DPRXQW RI DOXPLQD SRZGHU LV WKRURXJKO\PL[HG XVLQJPRUWDU DQG
SHVWOH0DJQHWLFVWLUUHU5HPLPDNH 0/+LVXVHGWRJHWXQLIRUPVXVSHQVLRQRISDUWLFOHVLQWKHVROXWLRQ$WILUVWD
1L±3 OD\HU LV GHSRVLWHG IRU  KRXU WR SUHYHQW WKH SRURVLW\ RI WKH FRDWLQJ DQG WKHQ WKH VROXWLRQ FRQWDLQLQJ$O2




1LFNHO6XOSKDWH J/ S+ 

















'XULQJFKHPLFDO UHDFWLRQQLFNHO VXOSKDWH VXSSOLHV WKHQLFNHO LRQV LQ WKH VROXWLRQZKLOHVRGLXP K\SRSKRVSKLWH
UHGXFHV WKHQLFNHOLRQVIURPWKHLUSRVLWLYHYDOHQFHVWDWH WR ]HURYDOHQFHVWDWH&RPSOH[LQJDJHQWV WULVRGLXPFLWUDWH
DQGVRGLXPDFHWDWH DUH UHTXLUHGWRVORZ GRZQWKHUHDFWLRQLQWRD IHDVLEOH IRUP &RPSOH[LQJDJHQWVIRUP PHWDVWDEOH
FRPSOH[HV ZLWK QLFNHO LRQV DQG UHOHDVH WKHP VORZO\ IRU WKH UHDFWLRQ %XW HYHQ DIWHU WKH DGGLWLRQ RI FRPSOH[LQJ
DJHQWV WKHUH UHPDLQVDSRVVLELOLW\RI VROXWLRQ EUHDNGRZQ+HQFHD VWDELOL]HU /HDG DFHWDWH LVQHHGHGVR WKDW WKH
VROXWLRQ UHPDLQV VWDEOH IRU WKH GXUDWLRQ RI WKH FRDWLQJ 7R LQFUHDVH WKH ZHWWDELOLW\ DQG VXUIDFH FKDUJH RI $O2




OLHLQWKHUDQJHRI± PLFURQV $IWHUFRDWLQJLVRYHUWKHVDPSOHVDUHFOHDQHGZLWKGLVWLOOHG ZDWHU
,Q FRPSRVLWH FRDWLQJ WKHUH DUH VHYHUDO IDFWRUV WKDW LQIOXHQFH WKH FKDUDFWHULVWLFV RI FRDWLQJ HJ QLFNHO VRXUFH
FRQFHQWUDWLRQ UHGXFLQJ DJHQW FRQFHQWUDWLRQ S+ RI WKH VROXWLRQ EDWK WHPSHUDWXUH VWDELOL]HU DQG ZHWWLQJ DJHQW
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FRQFHQWUDWLRQFRQFHQWUDWLRQRIVHFRQGSKDVHSDUWLFOHVVXEVWUDWHHWF+RZHYHUIURPOLWHUDWXUHUHYLHZLWLVIRXQGWKDW
WKH WKUHH IDFWRUV YL] FRQFHQWUDWLRQ RI QLFNHO VRXUFH QLFNHO VXOSKDWH VROXWLRQ FRQFHQWUDWLRQ RI UHGXFLQJ DJHQW
VRGLXP K\SRSKRVSKLWH VROXWLRQ DQG FRQFHQWUDWLRQ RI VHFRQG SKDVH SDUWLFOHV $O2 SRZGHU DUH WKH PRVW
FRPPRQO\XVHGE\WKHUHVHDUFKHUVWRFRQWUROWKHSURSHUWLHVRIFRPSRVLWHFRDWLQJV6DKRR/LXHWDO'DV







$ J/  D 
&RQFHQWUDWLRQRIVRXUFHRIUHGXFLQJDJHQW
6RGLXPK\SRSKRVSKLWHVROXWLRQ
% J/  D 
&RQFHQWUDWLRQRIVRXUFHRI$O2 & J/  D 
D LQLWLDOFRQGLWLRQ
 5HVSRQVHYDULDEOHV
5HVSRQVH YDULDEOH LV WKH RXWSXW RI DQ H[SHULPHQWDO PRGHO ,Q WKH SUHVHQW VWXG\ PLQLPL]DWLRQ RI VXUIDFH




'HVLJQ RI H[SHULPHQWV '2( PHWKRG LV XVHG WR UHGXFH WKH H[SHULPHQWDO WLPH DQG RWKHU UHVRXUFHV ZLWK
PD[LPXPDPRXQWRIFRQFOXVLYHLQIRUPDWLRQ:LWKWKHKHOSRIWKLVPHWKRGLWLVSRVVLEOHWRUHGXFHWKHUHTXLUHGWLPH
DQGQXPEHURIH[SHULPHQWVVLJQLILFDQWO\ IRU WKH LQYHVWLJDWLRQRIH[SHULPHQWV ,Q'2(WKHFKDQJHVDUHPDGHZLWK
SODQQLQJ WRFRQWURO WKHYDULDEOHV LQRUGHU WRREVHUYH WKHHIIHFWRIFRUUHVSRQGLQJ UHVSRQVHYDULDEOH ,Q WKHSUHVHQW
VWXG\7DJXFKLPHWKRGLVXVHGZKHUH2$LVXVHGWRUHGXFHWKHQXPEHURI H[SHULPHQWVIRUGHWHUPLQLQJWKHRSWLPDO
SURFHVVSDUDPHWHUV$Q2$ UHTXLUHV WKHPLQLPXPQXPEHURI H[SHULPHQWDO WUDLOV WRGHWHUPLQH WKHPDLQ HIIHFW DV
ZHOODVLQWHUDFWLRQHIIHFWVRISDUDPHWHUVVLPXOWDQHRXVO\,QWKHSUHVHQWVWXG\ / 2$LVFKRVHQRQWKHEDVLVRIWKH
QXPEHURIIDFWRUVFRQVLGHUHG WKHLU OHYHOVDQGWKHGHVLUHGLQWHUDFWLRQVRIWKHIDFWRUV 7KHWRWDOGHJUHHRIIUHHGRP
'2) IRUWKUHHIDFWRUVZLWKWKUHHOHYHOVDQG FRQVLGHULQJWKHLQGLYLGXDOIDFWRUVDQGWKHLULQWHUDFWLRQLV  +HQFH /
2$ LV FKRVHQ DV LW VDWLVILHV DOO WKH '2) FRQGLWLRQV 7KH VHOHFWHG DUUD\ UHTXLUHV WKH H[HFXWLRQ RI WZHQW\ VHYHQ
H[SHULPHQWV7KHIDFWRUV$% DQG &DQGWKHLULQWHUDFWLRQV$î%$î&DQG%î&DUHDVVLJQHGWRWKHLUUHVSHFWLYH
SRVLWLRQV LQ WKH 2$ 7KH FHOO YDOXHV LQ LQWHUDFWLRQ FROXPQV DQG HUURU FROXPQV DUH XVHG LQ DQDO\VLV RI YDULDQFH
$129$ IRUGHWHUPLQDWLRQRIWKHLU SHUFHQWDJHFRQWULEXWLRQWRWKHWRWDOHIIHFW
 5RXJKQHVVPHDVXUHPHQW
6XUIDFH URXJKQHVV PHDVXUHPHQW LV GRQH XVLQJ D SRUWDEOH VW\OXV DQG VNLG W\SH SURILORPHWHU 7DO\VXUI 7D\ORU
+REVRQ6XUWURQLF7KHSURILORPHWHULVVHWWRDFXWRIIOHQJWKRIPP*DXVVLDQILOWHUDQGWUDYHUVHVSHHG
PPVZLWK PPHYDOXDWLRQ OHQJWK5RXJKQHVVPHDVXUHPHQW RQ WKH HOHFWUROHVV FRDWLQJV LV UHSHDWHG IRXU WLPHV DW
GLIIHUHQW ORFDWLRQV DQG WKH DYHUDJH RI IRXU PHDVXUHPHQWV LV UHFRUGHG 7KH PHDVXUHG SURILOH LV GLJLWL]HG DQG
SURFHVVHG WKURXJK WKH GHGLFDWHG DGYDQFHG VXUIDFH ILQLVK DQDO\VLV VRIWZDUH 7DO\SURILOH IRU HYDOXDWLRQ RI WKH
URXJKQHVVSDUDPHWHUV
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 &RDWLQJFKDUDFWHUL]DWLRQ
)RUVWXG\LQJWKHVXUIDFHVDQGFURVVVHFWLRQVRIGHSRVLWVVFDQQLQJ HOHFWURQPLFURVFRS\6(0-(2/-60
2[IRUG ,QVWUXPHQWV -DSDQ HTXLSSHGZLWK ('; DQDO\VLV KDV EHHQ XVHG WR GHWHUPLQHG WKHZW RI WKH DOXPLQD





7KH SUHVHQW VWXG\ GHDOV ZLWK WKH PLQLPL]DWLRQ RI WKH ILYH URXJKQHVV SDUDPHWHUV 5D 5T 5VN 5NXDQG 5VP
VLPXOWDQHRXVO\E\RSWLPL]LQJWKHFRDWLQJSURFHVVSDUDPHWHUV7KXVLWLVDFDVHRIPXOWLUHVSRQVHRSWLPL]DWLRQZKLFK
FDQQRWEHVROYHGE\7DJXFKLPHWKRGDORQH+HQFH WKHJUH\UHODWLRQDODQDO\VLV 'HQJ LVXVHG WRJHWKHUZLWK
7DJXFKLPHWKRG WRVROYH WKH SUREOHP,Q WKLVPHWKRG WKH ILUVWVWHS LV WRSHUIRUP WKHJUH\UHODWLRQDOJHQHUDWLRQ LQ
ZKLFKWKHUHVXOWVRIWKHH[SHULPHQWVDUHQRUPDOL]HGLQWKHUDQJHEHWZHHQ]HURDQGRQH$IWHUWKDWWKHVHFRQGVWHSLV
WRFDOFXODWHWKHJUH\UHODWLRQDOFRHIILFLHQWIURPWKHQRUPDOL]HGGDWDWRUHSUHVHQWWKHFRUUHODWLRQEHWZHHQWKHDFWXDO
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QHDU WRKRUL]RQWDOKHQFH LWKDVQRWVLJQLILFDQWHIIHFW7KHSDUDPHWHU IRUZKLFK WKH OLQHKDVPD[LPXPLQFOLQDWLRQ
ZLOO KDYH WKHPRVW VLJQLILFDQWHIIHFW)URPPDLQHIIHFWVSORW LW LVREVHUYHG WKDWSDUDPHWHU& LH FRQFHQWUDWLRQRI
DOXPLQD SDUWLFOHV LV PRVW VLJQLILFDQW SDUDPHWHU DQG SDUDPHWHU $ LH FRQFHQWUDWLRQ RI QLFNHO VRXUFH KDV YHU\
VLJQLILFDQW HIIHFW7KH LQWHUDFWLRQSORWV EHWZHHQ$î%$î& DQG%î&DUH VKRZQ LQ)LJ  ,Q FDVHRI LQWHUDFWLRQ
SORWV LI OLQHV DUHSDUDOOHO LW LQGLFDWHV WKDW WKHUH LV QR LQWHUDFWLRQEHWZHHQ WKHSDUDPHWHUV DQG LI WKH OLQHV DUHQRQ
SDUDOOHO LW LQGLFDWHV WKDW WKH SUHVHQFH RI LQWHUDFWLRQ EHWZHHQ WKH SDUDPHWHUV ,I WKH OLQHV DUH LQWHUVHFWLQJ WR HDFK
RWKHULWPHDQVWKDWVWURQJLQWHUDFWLRQEHWZHHQWKHSDUDPHWHUV)URPLQWHUDFWLRQSORWVLWFDQEHREVHUYHGWKDWWKHUHLV
VWURQJLQWHUDFWLRQEHWZHHQSDUDPHWHUV%DQG&DQGPRGHUDWHLQWHUDFWLRQEHWZHHQ$DQG&7KXVIURPSUHVHQWVWXG\
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7DEOH7DEOHIRUPHDQ61UDWLR
/HYHO $ % &
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WKH VLJQLILFDQFH RI WKH SURFHVV SDUDPHWHUV DQG WKHLU LQWHUDFWLRQ ,Q SUHVHQW VWXG\ $129$ LV SHUIRUPHG XVLQJ
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%î& KDV VLJQLILFDQW HIIHFW RQ WKH URXJKQHVV FKDUDFWHULVWLFV RI 1L±3±$O2 FRPSRVLWH FRDWLQJ 7KH LQWHUDFWLRQ











K K K K
 
  ¦ 
28   Prasanna Gadhari and Prasanta Sahoo /  Procedia Materials Science  5 ( 2014 )  21 – 30 
ZKHUH PK LVWKHWRWDOPHDQJUH\UHODWLRQDOJUDGH LK LVWKHPHDQJUH\UHODWLRQDOJUDGHDWRSWLPDOOHYHODQGRLVWKH
QXPEHU RI PDLQ GHVLJQ SDUDPHWHUV WKDW VLJQLILFDQWO\ DIIHFW WKH VXUIDFH URXJKQHVV FKDUDFWHULVWLFV RI 1L௅3௅$O2
FRPSRVLWHFRDWLQJ7KHUHVXOWVRIWKHYDOLGDWLRQWHVWLQWKHSUHVHQWVWXG\DUHVKRZQLQ7DEOH7KHLPSURYHPHQWRI











*UDGH   
 6XUIDFHPRUSKRORJ\DQGSKDVHFRQWHQW











RI1L RI3 RI2 RI$O 7RWDO
)LJXUHD J/     
)LJXUHE J/     




RI GLIIHUHQW W\SHV RI VHFRQG SKDVH SDUWLFOHV LQ 1L௅3 PDWUL[ %DODUDMX HW DO  0RQLU 9DJKHIL HW DO 
$OLUH]DHL HWDO )URPILJXUHLWLVREVHUYHGWKDWWKHSUHVHQFHRIDOXPLQDSDUWLFOHVDUHLQFUHDVHGLQWKHFRDWLQJ
ZLWKJ/$O2 SDUWLFOHVDVFRPSDUHWRFRDWLQJZLWKJ/RI$O2 SDUWLFOHV
7KHSKDVHVWUXFWXUHRI1L௅3௅$O2 FRPSRVLWHLVVKRZQLQ)LJ,WLVREVHUYHGIRUP ;5' DQDO\VLVWKDWWKHDV
GHSRVLWHGFRPSRVLWHFRDWLQJ LVDOPRVWDPRUSKRXV LQQDWXUH ZLWK VLQJOHEURDGSHDNDWGLIIUDFWLRQDQJOHRI
7KHEURDGSHDN LVFRPPRQO\UHJDUGHGDVFRUUHVSRQGLQJ WRDQRQRFU\VWDOOLQHSKDVHFRPSRVHGRIH[WUHPHO\ ILQHG
QDQRPHWHU VFDOH FU\VWDOOLQH UHJLRQV VXUURXQGHGE\ DPRUSKRXVJUDLQERXQGDULHV'LIIUDFWLRQ FRUUHVSRQGV WR$O2
SDUWLFOHVFDQQRWEH WUDFHG LQ FRPSRVLWHFRDWLQJHYHQ WKRXJKSUHVHQFHRIDOXPLQDSDUWLFOHVHYLGHQW IURP WKH6(0
LPDJHV
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)LJ  (';RI1L±3±$O2 FRPSRVLWHFRDWLQJDZLWKJ/RI$O2DQGEZLWKJ/RI$O2
)LJ6(0LPDJHVRI1L±3±$O2 FRPSRVLWHFRDWLQJDZLWKJ/RI$O2EZLWKJ/RI$O2
)LJ;UD\GLIIUDFWLRQSDWWHUQRIHOHFWUROHVV1L±3±$O2 FRPSRVLWHFRDWLQJ
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 &RQFOXVLRQ
,QSUHVHQW VWXG\7DJXFKL / 2$ LQ FRQMXQFWLRQZLWKJUH\ UHODWLRQDO JUDGHKDVEHHQ VXFFHVVIXOO\ HPSOR\HG WR
VWXG\ WKH HIIHFW RI FRQFHQWUDWLRQ RI QLFNHO VRXUFH $ FRQFHQWUDWLRQ RI UHGXFLQJ DJHQW % DQG FRQFHQWUDWLRQ RI
$O2 SDUWLFOHV&RQ WKHILYHURXJKQHVVSDUDPHWHUV5D5T5VN5NX DQG 5VPRI1L±3±$O2 FRPSRVLWHFRDWLQJV
,W LV IRXQG WKDW WKHPHWKRGRSWLPL]HV WKHFRDWLQJSDUDPHWHUV WRDFKLHYH WKHGHVLUHGURXJKQHVVFKDUDFWHULVWLFV7KH
RSWLPDOFRPELQDWLRQRIFRDWLQJSDUDPHWHUV LV$%&$129$UHVXOW LQGLFDWHV WKDW WKHFRQFHQWUDWLRQRIVHFRQG
SKDVH SDUWLFOHV $O2 SDUWLFOHV LV WKH PRVW LPSRUWDQW SDUDPHWHU WKDW VLJQLILFDQWO\ DIIHFWV WKH URXJKQHVV
FKDUDFWHULVWLFVDWFRQILGHQFHOHYHORI&RQFHQWUDWLRQRIQLFNHOVRXUFHLVTXLWH VLJQLILFDQWDWFRQILGHQFHOHYHORI
 7KH LPSURYHPHQW RI WKH JUH\ UHODWLRQDO JUDGH IURP LQLWLDO FRQGLWLRQ WR RSWLPDO FRQGLWLRQ LV IRXQG DERXW
)URPWKH6(0UHVXOWLWLVIRXQGWKDWWKHFRPSRVLWHFRDWLQJKDVVPRRWKVXUIDFHZLWKXQLIRUPGLVWULEXWLRQRI
DOXPLQDSDUWLFOHV7KH(';DQDO\VLV UHYHDOV WKDW WKHFRDWLQJ LV D1L±3 FRPSRVLWH FRDWLQJZLWKDOXPLQDSDUWLFOHV
7KH$O2 SDUWLFOHVDUHLQWKHUDQJHRIZWWRZWDQGSKRVSKRUXVLQWKHUDQJHRIZWWR
ZW 7KH ;5' SORW UHYHDOV WKDW WKH 1L±3±$O2 FRPSRVLWH FRDWLQJ LV PL[WXUH RI DPRUSKRXV DQG FU\VWDOOLQH
VWUXFWXUH
5HIHUHQFHV
$EGHO$DO $=DNL = ,+DPLG =$ $ 1RYHO &RPSRVLWH &RDWLQJVFRQWDLQLQJ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$  ±
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
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
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±
$OLUH]DHL 6K 0RQLUYDJKHIL 60 6DOHKL 06DDWFKL $  (IIHFWRI $OXPLQD &RQWHQWRQ 6XUIDFH 0RUSKRORJ\DQG +DUGQHVVRI1L±3±$O2
Į (OHFWUROHVV &RPSRVLWH &RDWLQJV 6XUIDFHDQG&RDWLQJV7HFKQRORJ\  ±
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6XUIDFH 	 &RDWLQJV7HFKQRORJ\  ±
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%DODUDMX -16DQNDUD1DUD\DQDQ 761 6KHVKDGUL 6.  6WUXFWXUHDQG 3KDVH 7UDQVIRUPDWLRQ %HKDYLRXURI (OHFWUROHVV1L௅3 &RPSRVLWH
&RDWLQJV 0DWHULDOV5HVHDUFK%XOOHWLQ  ±
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